Lipids are important substrates for oxidation at rest and during exercise. Aerobic exercise mediates a delayed onset decrease in total and VLDL-triglyceride (TG) plasma concentration. However, the acute effects of exercise on VLDL-TG oxidation and turnover remain unclear. Here, we studied the acute effects of 90 min of moderate-intensity exercise in healthy women and men. VLDL-TG kinetics were assessed using a primed constant infusion of ex vivo labeled [1-
with indirect calorimetry differs (9) , indicating oxidation of other lipid sources. We recently demonstrated that VLDL-TG contribute as much as 10 -15% of the total energy expenditure (EE) in the resting postabsorptive state (7) . However, it remains unknown to what extent VLDL-TG contributes to EE during exercise.
Previous studies have not been able to demonstrate any consistent changes in the plasma concentration of total TG during or immediately after exercise (22) , but several studies have demonstrated a decrease in plasma TG the day after an exercise bout (2, 29) . A single bout of exercise increases the removal of VLDL-TG from plasma on the following day (2, 19, 30) . Only one study, however, has investigated the changes in VLDL-TG kinetics during exercise. The authors found an increase in the fractional catabolic rate of VLDL-TG but no differences in the VLDL-TG concentration (22) , indicating that both VLDL-secretion and clearance were increased.
Measuring acute changes in VLDL turnover presents some difficult challenges, since most previous studies have involved precursor labeling with FFA (25) or glycerol (16) and subsequent blood sampling and mathematical modeling. Although these methods allow measurement of plasma clearance of VLDL-TG, they do not permit direct measurement of the amount of plasma VLDL-TG that is oxidized.
The purpose of this study was to determine the acute effects of moderate-intensity aerobic exercise on VLDL-TG kinetics in young, lean, healthy men and women. We used an ex vivo labeled VLDL-TG tracer that allowed us to directly measure the oxidation of VLDL-TG from measurements of 14 CO 2 specific activity (SA) in expired air (5) as well as plasma VLDL-TG kinetics. Our primary aim was to assess the acute effect of exercise on VLDL-TG fatty acid oxidation. As a secondary aim, we wanted to assess the acute effects of exercise on VLDL-TG secretion and clearance. A third aim was to test for any sex-specific differences in VLDL-TG kinetics.
METHODS

Participants
The study protocol was approved by the local Ethics Committee and written informed consent was obtained from all participants. Eight lean men and 8 lean women (age 20 -30 yr, BMI Ͻ25 kg/m 2 ) were recruited through posters at local educational institutions. The volunteers were recreationally active but untrained (participated in moderate-intensity physical activities Յ3 h/wk). All participants were normotensive, nonsmokers, used no medication except oral contraceptives, and had a normal blood count and chemistry panel.
Potentially eligible subjects visited the Clinical Research Laboratories after an overnight 10-to 12-h fast. Blood was obtained for determination of a lipid profile, Hb A 1c, liver, kidney, and thyroid function, and complete blood count and chemistry panel. Medical history was taken and a physical examination performed including evaluation of inclusion/exclusion criteria.
Protocol
One week prior to the metabolic study day, volunteers came to the Research Laboratories after an overnight fast of 10 -12 h. A 60-ml blood sample was drawn for ex-vivo labeling of VLDL-TG. V O2max was determined by an incremental (20 W/min) cycling protocol until exhaustion (Oxycon Pro, Erich Jaeger). At the same visit, a dualenergy X-ray absorptiometry (DEXA) scan was performed to determine body composition. Participants were then interviewed by a dietitian, who estimated their daily caloric intake. On the basis of the dietitian's calculations the participants were provided a weight-maintaining diet (55% carbohydrate, 15% protein, and 30% fat) provided by the hospital kitchen during the 3 days preceding the metabolic study.
Metabolic study day. Volunteers were admitted to the Clinical Research Laboratories at 2200 the evening before the study. From this time point, only ingestion of tap water was allowed. The study day, starting at 0700, included a 5-h basal period (0 -300 min), a 1.5-h cycling exercise period at 50% of V O2max (300 -390 min) and a 2-h recovery period (390 -510 min). On the morning of the study day, catheters were placed in an antecubital vein and a contralateral heated hand vein to obtain arterialized blood. The antecubital catheter was used for the primed constant infusion of [1- 14 C]triolein-labeled VLDL (priming with 20% of labeled VLDL) and a constant infusion of [9,10- 3 H]palmitate for 1 h in both the basal period (180 -240 min) and during exercise (330 -390 min). The other catheter was used for sampling of plasma VLDL-TG SA (t ϭ 0, 180, 210, 240, 270, 300, 315, 330, 345, 360, 375, 390, 405, 420, 450, 480, and 510 min). Breath samples were obtained every 60 min during the basal period, every 15 min during the exercise period, and every 30 min during recovery period to determine 14 CO2 SA. Indirect calorimetry was performed for 30 min from t ϭ 210 min and continuously during the exercise period to determine the rate of CO2 production (V CO2) and O 2 consumption (V O2). After the blood sampling at 510 min, all catheters were removed.
VLDL-TG tracer preparation. The ex vivo labeling procedure of VLDL-TG with radiolabeled triolein has previously been described in detail (5) . Briefly, plasma obtained from a 60-ml blood sample was mixed with [1- 14 C]triolein (PerkinElmer), and sonicated in an incubator at 37°C for 6 h. To isolate the [1- 14 C]triolein-labeled VLDL particles, labeled plasma was then transferred to sterile Optiseal test tubes (Beckman Instruments), covered with a saline solution (d ϭ 1.006 g/ml) and centrifuged in an ultracentrifugator (50.3 Ti rotor, Beckman Instruments) for 18 h at 40,000 rpm at 10°C. The supernatant containing the labeled VLDL fraction was removed with a sterile Pasteur pipette, filtered, and stored at 5°C. All samples were cultured to ensure sterility.
Plasma VLDL-TG concentration and SA. VLDL particles were isolated from ϳ3 ml of plasma by ultracentrifugation as described above. The top layer, containing VLDL, was obtained by slicing the tube ϳ1 cm from the top using a tube slicer (Beckman Instruments). A small proportion was analyzed for TG content, and the plasma concentration of VLDL-TG was calculated. The remaining VLDL-TG was transferred to a scintillation glass vial, scintillation liquid was added, and the sample was measured for 14 C activity using liquid scintillation counting to Ͻ2% counting error. Breath 14 CO2 activity. Breath samples were collected in breath bags (IRIS-Breath-Bags, Wagner Analysen Technik). The exhaled air was passed through a solution containing benzethonium hydroxide (Sigma-Aldrich) with thymolphthalein (Sigma-Aldrich) in a scintillation vial. A color change occurred when exactly 0.25 mmol CO2 was trapped. Scintillation fluid was added, and 14 C activity was measured by liquid scintillation counting to a Ͻ2% counting error.
Palmitate turnover. Systemic palmitate flux was measured using the isotope dilution technique with a constant infusion of [9, Energy production (kcal/day) from VLDL-TG was calculated using the molecular weight of 282 g/mol of oleic acid and multiplied the caloric density by 9.1 kcal/g and 1,440 min/day.
Statistics
Data were analyzed with SPSS 17.0. Normality was tested with a Shapiro-Wilk normality test. Data are expressed as means Ϯ SD or median (range). Differences between groups were evaluated using Student's t-test or Mann-Whitney test. Student's t-test for paired samples was used to evaluate the effect of exercise on oxidation. Analyses of effects of exercise and recovery on TG concentrations and VLDL turnover were performed using repeated-measures ANOVA with factors for sex and time. In the case of a time effect, comparison between the different periods was made with Student's t-test for paired samples. Significance was set at P ϭ 0.05.
RESULTS
Baseline data of the subjects are summarized in Table 1 .
Substrate Concentration And Palmitate Turnover
FFA, glucose, and insulin concentrations during the study day are shown in Fig. 1. As expected, during 
TG Concentration
Basal plasma total TG concentration was stable at 0.73 Ϯ 0.18 mmol/l in men and 0.66 Ϯ 0.22 mmol/l in women. During exercise, total TG concentrations decreased to 0.56 Ϯ 0.27 mmol (P ϭ 0.01) in men and trended toward a decrease in women to 0.53 Ϯ 0.14 mmol/l (P ϭ 0.08) in women (Fig. 3) . After cessation of exercise, the total TG concentrations remained lower compared with basal levels at 0.65 Ϯ 0. 
VLDL Kinetics
VLDL-TG turnover. There were no sex-related significant differences in the secretion rates over the study day (ANOVA, P ϭ 0.81); therefore, we used combined data for the analysis of VLDL kinetics. VLDL-TG secretion rate changed significantly from baseline during the study (39.9 Ϯ 22.7 vs. 31.4 Ϯ 21.5 vs. 29.1 Ϯ 19.9 mol/min in basal, exercise, and recovery periods, respectively, ANOVA, P ϭ 0.03). The decrease during both exercise and recovery was significant compared with basal conditions (both P ϭ 0.03; Fig. 4A ). No significant differences were found in VLDL-TG clearance rates (115 Ϯ 42 vs. 93 Ϯ 46 vs. 92 Ϯ 46 ml/min in basal, exercise, and recovery periods, respectively, ANOVA, P ϭ 0.25), with no significant sex-related differences in clearance rates over the study day (ANOVA P ϭ 0.85).
VLDL-TG oxidation. Total EE increased during exercise in both men [basal: 1.31 Ϯ 0.13 kcal/min; exercise: 8.78 Ϯ 1. Values are means Ϯ SD or median (range). In the basal period, the proportion of the secreted VLDL-TG that was oxidized (fractional oxidation) was 50 Ϯ 8%. Due to a release of fixated 14 C label from other carbon pools in response to onset of exercise, there was an expected peak in fractional recovery immediately after the onset of exercise followed by a gradually reached plateau. In the plateau phase, a significantly greater proportion of the secreted VLDL-TG was oxidized [84 Ϯ 35% (P Ͻ 0.01); Fig. 5A ]. During the recovery, 14 CO 2 steady state was not achieved, and oxidation rates could not be calculated.
During exercise, absolute oxidation rates of VLDL-TG increased slightly compared with basal rates [basal: 20 Ϯ 14 mol/min; exercise: 23 Ϯ 20 mol/min (P ϭ 0.22)], despite a grossly increased total EE (Fig. 5B) . During the basal period, oxidation of VLDL-TG contributed with 14 Ϯ 9% to total EE with no sex-related differences. Due to the absence of increase in the VLDL-TG oxidation rate during exercise, the contribution of VLDL-TG oxidation to total EE decreased to 3 Ϯ 4% (P Ͻ 0.01) in the exercise period (Fig. 5C ).
DISCUSSION
The main findings of these studies are that the oxidation rate of VLDL-TG-associated fatty acids contributes significantly to resting EE but remains unchanged during 1.5 h of moderateintensity exercise in healthy, lean men and women despite a severalfold increase in lipid oxidation. Moreover, the VLDL-TG secretion rate decreases during exercise, a reduction that extends into early recovery. Finally, no sex-specific differences in VLDL kinetics are revealed.
As a novel finding, we demonstrate that, despite an exerciseinduced sixfold increase in EE, the oxidation of VLDL-TG expressed in absolute terms remained unchanged. As expected, the palmitate flux increased three-to fourfold during exercise, delivering FFAs for the increased lipid oxidation. We confirmed previous reports of a greater decrease in RER during exercise in women compared with men (28) . Measurements of a-v TG concentration differences during exercise suffer from the lack of reliability of TG assays to pick up the small concentration differences during high blood flow states as well as the assumption that all fatty acids removed in the leg are oxidized (10) . We measured the oxidation directly, and we can therefore exclude VLDL-TG storage in muscle or adipose tissue from our calculations of VLDL-TG oxidation. During rest, VLDL-TG oxidation accounted for 14% of the total EE, decreasing to only 3% of the total EE during exercise. We have previously demonstrated that VLDL-TG oxidation contributes 10 -15% of the total EE in lean and obese women and in obese and diabetic men (7, 26) . We conclude that in lean healthy individuals on a low/normal-fat diet VLDL-TG does not play a significant role as substrate for the increased lipid oxidation during exercise. This does not, however, exclude VLDL-TG as an important substrate for oxidation during exercise in obese or exercise-trained individuals or during high-fat diets. We found a significant decrease in VLDL-TG secretion rate during exercise and in accord with previous reports from our own group (6) as well as others (3, 17, 23) , although not all (20, 21) ; we found no difference in basal VLDL-TG secretion between men and women. Moreover, we also noted a slight, although not significant decrease in VLDL-TG clearance rate. In the only other published study of VLDL kinetics during exercise, Morio et al. (22) found an increase in fractional catabolic rate during exercise, which is in contrast to our findings of a decrease in VLDL-TG secretion rate and a slight decrease in clearance. This discrepancy may relate to differences in workload and duration of exercise (45 min at 40% of V O 2max vs. 90 min at 50% of V O 2max in our study). Studies of VLDL-TG metabolism have shown that a single bout of exercise increases VLDL-TG removal from plasma the following day, whereas no changes in secretion rates are observed (18, 19, 30) . It needs further studying to determine how long the reduction in secretion rate persists after an exercise bout and to what degree this influences the delayed onset decrease in VLDL-TG concentration seen after exercise.
Several authors have reported a delayed decrease in TG concentration after exercise (19, 29) but have not demonstrated consistent changes in TG concentration during exercise or immediately after exercise. We found an ϳ20% decrease in total TG concentration during 1.5 h of exercise that persisted during the 2 h of recovery. Previous reports have described elevated (11) , unchanged (4), or decreased (15) concentrations of total TG immediately after exercise, whereas there is agreement regarding the unchanged levels of VLDL-TG (19, 22) . This may relate to differences in exercise intensity in the studies as well as the physical fitness of the subjects investigated. In the present study, we used recreationally active but untrained men and women during moderate-intensity exercise (50% of V O 2max ) resembling everyday exercise, whereas others have studied extremely well-trained individuals after highintensity exercise such as marathon runners after completing a marathon (11) and triathletes after an Ironman race (15) . A limitation to our study is the possibility of tracer recycling. However, the tracer recycling problem represents a minor problem in constant-infusion protocols, since recycled labeled VLDL-TG contributes a minor proportion to steadystate SA when final VLDL-TG R a is calculated, as discussed in detail in a previous paper from our group (27) .
In conclusion, fatty acids from VLDL-TG are quantitatively important substrates for lipid oxidation under basal postabsorptive conditions, but VLDL-TG oxidation rates remain unchanged during moderate-intensity exercise. We demonstrate a lower VLDL-TG secretion rate, which may contribute to postexercise hypotriglyceridemia. Finally, VLDL-TG kinetics appear similar in lean men and women.
